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Large, complex modular structure of a fission yeast DNA
replication origin
Dharani D. Dubey*†, Soo-Mi Kim*, Ivan T. Todorov* and Joel A. Huberman*
Background: In the budding yeast, Saccharomyces cerevisiae, each DNA
replication origin is associated with an autonomously replicating sequence (ARS)
element. Each element contains several modules, including an essential close
match to the 11 base-pair (bp) ARS consensus sequence (ACS) and two or
three short (< 20 bp) stimulatory motifs, within a stretch of ~150 bp or less. To
determine whether a similar origin structure exists in the evolutionarily distant
fission yeast, Schizosaccharomyces pombe, we used deletion and linker
substitution scanning to identify the sequences important for the function of
ars3002, a chromosomal replication origin.
Results: We detected two large (30–55 bp) essential regions and several
additional stimulatory sequences within a 600 bp stretch of a restriction fragment
containing ars3002. The two essential regions are similar to each other, and
sequences similar to them are found in all known S. pombe ARS elements,
suggesting that one or both of them may represent the S. pombe equivalent of
the S. cerevisiae ACS.
Conclusions: Like S. cerevisiae origins, the S. pombe origin, ars3002,
possesses a modular structure, but the number and size of modules is greater
for ars3002, and ars3002 is larger than S. cerevisiae origins. These
observations suggest that origin function in S. pombe requires more
protein–DNA interactions than in S. cerevisiae.
Background
Identification of the cis-acting sequences that define DNA
replication origins is important for understanding origin
function. In the case of Saccharomyces cerevisiae origins,
identification of the essential core region within
autonomously replicating sequences (ARSs), the ARS con-
sensus sequence (ACS) [1,2], permitted subsequent
detection of the origin recognition complex (ORC). ORC,
which contains six proteins, interacts with the ACS and is
required for the initiation of replication [3–9].
Progress in understanding replication origins has been
more rapid for S. cerevisiae than for other eukaryotic organ-
isms, partly because of the availability and utility of the
ARS assay for measuring origin function. This assay is
based on the facts that yeast chromosomal replication
origins serve as origins in plasmids, and origin-containing
plasmids transform yeast cells about 1000-fold more effi-
ciently than plasmids that do not contain origins [10,11].
The set of sequences necessary for a plasmid replication
origin is called an ARS element. In most cases S. cerevisiae
ARS elements have proved to be chromosomal replication
origins [12].
Use of the ARS assay to measure the effects of mutations
on origin function has led to the conclusion that S. cerevisiae
origins generally consist of a short A domain of # 20 base
pairs (bp), which contains the essential ACS, flanked on
one side by a B domain (usually ≤ 100 bp), which contains
two or three additional important sequence motifs [13–16].
Thus, S. cerevisiae replication origins have a rather simple
modular structure.
Are the replication origins of other eukaryotic organisms
similarly organized? Techniques for characterizing replica-
tion origins in most other eukaryotic organisms are still too
cumbersome to permit this question to be easily answered.
However, the fission yeast, Schizosaccharomyces pombe,
shares with S. cerevisiae the ability to replicate origin-
bearing plasmids, permitting S. pombe origin function to be
quantitated by an ARS assay [17]. Some S. pombe ARS ele-
ments have been shown to correspond to chromosomal
replication origins [18–20]. Study of S. pombe ARS elements
is likely to prove informative, because in some respects
(such as symmetric cell division and size and complexity of
centromeres) S. pombe resembles other eukaryotic organ-
isms to a greater extent than does S. cerevisiae.
Two consensus sequences have previously been found by
computer inspection in S. pombe ARS elements. One of
these, recognized by Maundrell et al. [17], is an 11 bp
motif, (A/T)(A/G)TTTATTTA(A/T), which resembles
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the S. cerevisiae ACS. In previous studies, deletion of
this motif had negligible effect on ARS activity [17,21,22].
The other S. pombe consensus, found by Zhu et al. [23],
is (A/T)(A/T)TT(A/T)T(A/T)TT(A/T)TT. Its biological
activity has not previously been tested.
For this investigation of sequence motifs important for
origin function in S. pombe, we chose to study ars3002,
which corresponds to a replication origin on chromosome
III [18,23] and contains perfect matches to both the Maun-
drell et al. [17] and Zhu et al. [23] consensus sequences (Fig.
1). We previously used nested deletions to localize ars3002
to an 821 bp EcoRV–EcoRI restriction fragment [18,23].
The sequence within this fragment is A+T-rich and con-
tains numerous short direct and inverted repeats (Fig. 1).
Results
To find important sequence elements within this restric-
tion fragment, 14 internal deletions (50–59 bp each,
depending on PCR constraints) were constructed across
most of the restriction fragment (Fig. 1) and then tested
for ARS activity. In addition to affecting transformation
frequency (Fig. 2), many of the deletions also affected
colony size (Fig. 3). Our observations (S.K. and J.A.H.,
data not shown) suggest that the largest colonies, includ-
ing those in the positive control (ars3002; Fig. 3), may
contain rearranged (in most cases multimerized) plasmids
that replicate with higher efficiency. The smallest
colonies (such as the ‘vector’ control in Fig. 3) did not
grow after transfer to liquid medium or replating.
Deletion of regions 8 or 10 essentially eliminated ARS
activity, whereas several additional deletions (of regions
4–5, 7, 9, and 11–14) significantly reduced it (Figs 2,3).
Together, these deletions defined a stretch of at least
600 bp (regions 4–14), within which ~55 bp deletions could
inhibit ARS activity. We have previously shown that
tandem duplication of a 582 bp stretch spanning regions
4–13 plus part of region 14 generates a ‘‘doublet’’ ARS
element with very strong ARS activity [24]. We now report
that duplication of the shorter stretch defined by regions
5–11 also yields very strong ARS activity (Fig. 4b; note the
uniformly large colonies resulting from efficient plasmid
replication without multimerization). In single-copy form,
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Figure 1
Nucleotide sequence of the 821 bp
EcoRV–EcoRI restriction fragment containing
ars3002. The sequence pictured here
corresponds to nucleotides 3137–3957 of
previously published [23] sequence (GenBank
accession number L25861; EMBL accession
number Z27236), renumbered 1–821.
Boundaries of the ~55 bp regions that were
individually deleted (Figs 2,3) are indicated by
vertical lines, the regions are identified by
circled numbers, and the extents of the regions
are indicated by the red and green lines over
the nucleotide sequence. The vertical line
between nucleotides 816 and 817 indicates
the 5′ end of the rightmost PCR primer (see
Materials and methods). The blue line below
nucleotides 245–255 indicates a perfect
match to the consensus sequence of Maundrell
et al. [17]. The yellow line below nucleotides
501–520 indicates overlapping perfect
matches to the consensus sequence of Zhu et
al. [23]. Rightward-pointing arrows above the
nucleotide sequence indicate stretches of six
or more nucleotides directly repeated within
30 bp of each other (except for the direct
repeats in the stretch of 20 adenine residues
between positions 501–520). Note that
different arrow designs are used to distinguish
different pairs of direct repeats. Arrows with
similar designs do not correspond to the same
sequence unless they are within 30 bp of each
other. Pairs of arrows pointing toward each
other below the nucleotide sequence indicate
stretches of 6 or more nucleotides that are
within 20 bp and are inverted repeats of each
other (except for the direct repeats between
the thymine residues between positions
486–491 and the adenines between positions
501–520). Arrows with similar designs do not
correspond to the same sequence unless they
are within 20 bp of each other.
GATATCAAACTTGAAAATAATTTAGACTATAGCATGCTTGTTATATTATATTGCTTTTCATTAGCGATGTAGTTAGTTAA
TTTACTTTGTTTCCTGTTAAATCTTTCGTCGTATATCTACAACTGGTATAGAGTCTCTGATTAAAGTTATACTATCTTTC
TAGGCGACTAATACATAAACTCTTTTACTTGATAAATTCAATTTTATAATTGTGATGAAAAGCTAAAGTTTTACTCCAAA
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the same stretch (regions 5–11) permitted less efficient
replication, resulting in slower colony growth (Fig. 4a). A
still smaller stretch (regions 7–11) was inactive even when
duplicated (data not shown). For these reasons, we decided
to concentrate our initial mutational analyses on the 380 bp
stretch defined by regions 5–11.
The data in Figures 2 and 3 show that deletion of any one
of the regions 5–11, except region 6, significantly
decreased ARS activity. To determine whether this was a
consequence of the removal of specific sequence motifs or
the result of alteration of distances between flanking
sequences, we used PCR to generate 52 bp substitutions
instead of deletions. We tested the effects of substituting
both an A+T-rich (69 % A+T) and a G+C-rich (58 % G+C)
sequence (see Materials and methods). In regions 5, 7 and
8, the A+T-rich substitutions (Fig. 5; open bars) were less
inhibitory than the simple deletions (black bars); in region
5, nearly full activity was restored. In contrast, the A+T-
rich substitutions were more inhibitory than the deletions
in regions 9–11. In every case, substitution of the G+C-
rich sequence (Fig. 5; grey bars) was more deleterious
than the simple deletion. Therefore, the effects of the
simple deletions (Figs 2,3) are not simply a consequence
of spacing alterations.
Because the observations in Figures 2,3 and 5 indicated a
possible requirement for specific nucleotide sequences,
we used linker substitution analysis to more precisely
locate such sequences. We tested the effects of replacing
~10 bp (depending on PCR constraints) stretches with a
10 bp linker (C5G5) in regions 5, 7, 8 and 10. Within region
5, none of these substitutions severely inhibited ARS
activity (Fig. 6a), and none was as deleterious as deleting
the entire region, or replacing it with a G+C-rich sequence
(Figs 2,3 and 5). Consistent with earlier reports [17,21,22],
destruction of the perfect match to the consensus
sequence of Maundrell et al. [17] (Fig. 6a, blue line) had
little effect. These observations suggest that the
sequences within region 5 that contribute to ARS function
may be redundant. Perhaps a property of the whole
region, such as A+T-richness or ease of unwinding, is
important, and 10 bp G+C-rich substitutions do not alter
that property sufficiently to inhibit ARS function.
In contrast, linker substitutions in regions 7, 8 and 10
suggest important roles for specific non-redundant
sequences. The results in Figure 6b,c show that within
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Figure 2
Effects of internal deletions on the activity of ars3002. Each of the 14
contiguous regions indicated on the horizontal axis and in Fig. 1 was
deleted from the EcoRV–EcoRI fragment containing ars3002. The
closed bars indicate the transformation frequencies of the individual
mutants divided by the transformation frequency of the wild-type control.
Averages of two independent experiments are shown with data ranges.
Figure 3
Effects of internal deletions on the sizes of
colonies generated by S. pombe cells
dependent for growth on the replicative ability
of plasmids containing wild-type and mutant
versions of ars3002. Pictured, all at the same
magnification, are portions of Petri plates from
one of the experiments summarized in Fig. 2.
The panel labeled ‘ars3002’ indicates cells
transformed with p3002PCR (see Materials
and methods), which contains intact ars3002.
‘Vector’ indicates cells transformed with
pura4script (see Materials and methods),
which lacks any ARS. Panels labeled D1 to
D14 indicate cells transformed with mutant
versions of ars3002 from which the indicated
~55 bp region has been deleted (as in Fig. 2).
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the 55 bp stretch defined by linker substitutions 7d, 7e,
and 8a–f, all replacements significantly inhibited ARS
activity, and two, 8b and 8c, nearly eliminated it. Other
linker substitutions in regions 7 and 8 had little if any
effect. The results in Figure 6d reveal a second broad
stretch of at least 30 bp (10a–f; the upstream boundary in
region 9 is not yet defined) within which linker substitu-
tions were significantly inhibitory or nearly completely
destructive of ARS activity. Notice that most of the 20 bp
stretch of contiguous adenine residues in region 10 was
necessary for activity. The linker substitution 10f, which
leaves 14 contiguous adenine residues, severely reduced
activity. Neither of the two critical regions, in regions 7+8
or 10, seemed to depend on inverted or direct repeats of
short sequence motifs (Figs 1 and 6b–d).
Discussion
Multiple essential and important modules in S. pombe
ARS elements
The features of ars3002 reported here can be compared to
those of S. pombe ars1, described in a recent communica-
tion by Clyne and Kelly [22]. Although ars1 extends over
780 bp, only two of sixteen consecutive 50 bp internal
deletions affected ARS activity. Deletion of segment 1 at
the left end eliminated activity, and deletion of segment 9
near the middle reduced activity about 5-fold. Within
segment 1, consecutive 10 bp G+C-rich linker substitu-
tions had no effect, but overlapping 20 bp linker substitu-
tions revealed a critical sequence of 20–30 bp [22], most of
which is shown in Figure 7d.
Thus ars1 seemingly contains a single essential module
and an additional important module [22]. In contrast,
ars3002 seems to have two essential modules and at least
two other important modules (Figs 2,3 and 6). Although
these apparent distinctions may reflect significant differ-
ences in organization between the two ARS elements, we
think it is equally likely that they are a consequence of
varying degrees of internal redundancy. For example,
although no single 50 bp deletion within the 130 bp
stretch at the right end of ars1 had significant effect on
ARS activity, an external deletion of the entire stretch of
130 bp reduced ARS activity nearly 100-fold [22]. This
observation suggests that an essential function is carried
out by any one of several redundant modules, dispersed
over more than 50 bp within the terminal 130 bp. Thus,
there may be more important sequence motifs within ars1
than were revealed by the 50 bp internal deletion scan,
and the same may be true for ars3002.
Preliminary results indicate that two additional S. pombe
ARS elements, ars3001 (the replication origin for S. pombe
rDNA; S.K., J.A. Sanchez and J.A.H., unpublished obser-
vations) and ars2004 (a replication origin on S. pombe chro-
mosome II; H. Masukata, personal communication), also
contain multiple essential and stimulatory modules. Thus,
the presence of multiple modules, as in ars3002, is likely
to prove a common feature of S. pombe ARS elements.
Another feature common to all S. pombe ARS elements is
their large size (≥ 500 bp) [17,22,23], much larger than
typical S. cerevisiae ARS elements (≤ 150 bp). Interest-
ingly, the essential modules characterized in ars3002
(regions 7 and 8, ~55 bp; region 10, > 30 bp) and in ars1
(20–30 bp) are larger than the essential A domain of S. cere-
visiae ARS elements (≤ 20 bp). The larger sizes of S. pombe
ARS elements and of their essential modules suggest that
a greater number of protein–DNA contacts may be neces-
sary for origin function in S. pombe than in S. cerevisiae.
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Figure 5
Effects of substituting regions 5 and 7–11 with A+T-rich (open bars)
or G+C-rich (grey bars) sequences. The black bars show the effects of
the corresponding deletions (as in Fig. 2)
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Figure 4
Duplicating regions 5–11 leads to strong ARS activity. Under the
conditions employed here, colony growth was limited by the rate of
plasmid replication, which is dependent on ARS strength. Cells
transformed with plasmids containing the 5–11 monomer (a) could not
grow as rapidly as those transformed with plasmids containing the
5–11 dimer (b). The plates were photographed at the same
magnification.
(b)(a)
Function of the essential modules?
The simplest interpretation of the essential modules in
ars3002 (Figs 2,3,5 and 6) and in ars1 [22] is that inter-
action of certain sequence-specific DNA-binding proteins
with these sequences is essential for initiating DNA repli-
cation. It is possible that some of these proteins will prove
to be the factors that form the S. pombe equivalent [25,26]
of the S. cerevisiae ORC [3–9]. By analogy to the S. cere-
visiae ACS, the S. pombe ORC-binding site would be pre-
dicted to be conserved among S. pombe ARS elements.
The critical sequence motifs of ars3002 (region 8, Fig. 7b;
region 10, Fig. 7c) and of ars1 (Fig. 7d) are all asymmetric
A+T-rich sequences, with mostly adenine residues in one
strand and thymine residues in the complementary strand.
The S. cerevisiae ORC-binding site, the 11 bp ACS, is also
an asymmetric A+T-rich sequence. Zhu et al. [23] previ-
ously pointed out the abundance of such asymmetric
A+T-rich sequences in S. pombe ARS elements, and they
identified a 12 bp asymmetric A+T-rich consensus
sequence (Fig. 7a,e) present (at least one perfect or 11/12
match) in all known S. pombe ARS elements. Multiple
overlapping perfect matches to that consensus sequence
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Effects of ~10 bp linker substitution mutations within regions 5 (a), 7
(b), 8 (c) and 10 (d) on ars3002 activity. The nucleotides indicated by
the inverted brackets were deleted and replaced by the linker,
CCCCCGGGGG, which contains the AvaI restriction site. Relative
transformation frequencies were measured as in Fig. 2. Averaged
results of two experiments with ranges (a,b) or four experiments with
standard deviations (c,d) are shown.
in region 10 are shown in yellow in Figures 1 and 6d. In
addition, there is a single 11/12 match in the region 8 criti-
cal sequence (Figs 7a,b) and in the ars1 critical sequence
(Figs 7d,e). The ars1 critical sequence is also similar to the
critical sequence in region 10 of ars3002 (Figs. 7c,d).
These similarities are all consistent with the possibility
that the ars1 critical sequence and either one or both of
the ars3002 critical sequences are binding sites for S.
pombe ORC. However, until experiments are carried out to
address this question, other explanations are also possible.
The 12 bp consensus sequence of Zhu et al. is degenerate
and is present in known S. pombe ARS elements at a fre-
quency only moderately (6-fold) greater than predicted by
chance [23]. Therefore, it is premature to draw firm con-
clusions from the fact that ≥ 11/12 matches to this consen-
sus are present in the critical regions of ars1 and ars3002
(Fig. 7). If this consensus proves to be present without
exception in the critical regions of several additional S.
pombe ARS elements, then higher resolution mutational
analyses will be justified in order to test its significance
and to better characterize it.
Functions of the important modules?
Some potential roles for the important modules in S.
pombe ARS elements are suggested by the functions of
important modules in S. cerevisiae ARS elements. These
include enhancing ORC binding [27,28], binding a tran-
scription factor that stimulates initiation [13], and facilitat-
ing DNA unwinding [16,29]. Each of these (or similar)
roles is possible for the important modules in S. pombe
ARS elements. In addition, it should be pointed out that
asymmetric A+T-rich sequences are abundant and found
throughout S. pombe ARS elements, not just in their essen-
tial modules [23]. These abundant motifs may contribute
to interactions with proteins, affect interactions with
nucleosomes, play a structural role, or interact with the
nuclear matrix. These possibilities are not mutually exclu-
sive (reviewed in [23]).
Need for study of additional S. pombe ARS elements
The characterization of nucleotide sequences important
for ars1 [22] and ars3002 (Figs 2,3,5 and 6) will help to
identify proteins that interact with S. pombe origins to initi-
ate DNA replication. However, the tantalizing but incom-
plete similarity between the sequences essential for the
function of ars3002 and ars1 (Fig. 7b–d) does not permit
distinction, at this point, between the possibilities that dif-
ferent, similar or identical proteins interact with these
sequences. Additional information is needed. Perhaps the
simplest way to obtain a clearer picture of the sequence
requirements for S. pombe origin function is to characterize
additional origins using the type of high resolution dele-
tion and substitution analysis employed here and by
Clyne and Kelly [22]. The results of studies now under
way (S.K. and J.A.H., unpublished observations; H.
Masukata, personal communication) should greatly help to
clarify the current picture.
Materials and methods
Strains and media
The S. pombe strain ura4-D18 (ura4-D18 leu1-32 end1 h–; [30]), a gift
from S. Gasser, was grown at 30 °C in MB supplemented with uracil
and leucine (each at 150 mg l–1) [31]. 
Plasmids
A new S. pombe selectable vector, ‘pura4script’, was constructed by
blunt-ending the 1.8 kbp HindIII fragment containing the S. pombe
ura4 gene and cloning it between the two SspI sites of pBluescript
KS+ (Stratagene). Most previous S. pombe vectors intended for selec-
tion in ura4 mutants have employed the S. cerevisiae URA3 gene. To
construct ‘p3002PCR’, which was employed as wild-type control and
as template for construction of deletions, terminal primers with appro-
priate 5′ restriction sites (see next section) were used to amplify the
813 bp between the terminal restriction sites in the EcoRV–EcoRI frag-
ment containing ars3002 (Fig. 1), which was then cloned between the
XbaI and ClaI sites of pura4script.
Construction of mutants
All final constructs were tested for correctness by restriction digestion
and sequencing. To generate ~55 bp deletions, primers were designed
with stretches of 20–28 nucleotides (depending on requirements for
specific PCR) corresponding to the sequence shown in Figure 1, with
the 5′ end of each stretch corresponding to one of the region boundaries
indicated by vertical lines in Figure 1. In addition, each primer had a linker
with one or two restriction sites at its 5′ end. The rightward-pointing
(forward) primers at the left ends of regions 1 and 2 had the XbaI linker,
GCTCTAGAGC. All other forward primers had the EcoRI+BamHI linker,
GGAATTCCCGGGATCCCG. The leftward-pointing (reverse) primer at
nucleotide 816 had the ClaI linker, CCATCGATGG. All other reverse
primers had the EcoRI linker, GGAATTCC. Region 1 was deleted by
PCR between the forward primer at the left end of region 2 and the
reverse primer at position 816, followed by digestion with XbaI and ClaI
and cloning between the XbaI and ClaI sites of pura4script. In other
cases, stretches flanking the region to be deleted were first amplified
with appropriate primer pairs. The resulting PCR products were digested
with EcoRI, then ligated together. If necessary, the resulting linear
product was further amplified with terminal primers before cloning
between the XbaI and ClaI sites of pura4script. The consequence of
these manipulations was replacement of ~55 bp of S. pombe sequence
with the 18 bp EcoRI–BamHI linker, GGAATTCCCGGGATCCCG.
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Figure 7
Similarities between sequences critical for S. pombe ARS function
(b,c,d) and a computer-derived consensus sequence present in all S.
pombe ARS elements (a,e) [23]. (b) Critical sequence from ars3002
region 8 (nucleotides 385–400; Figs 1 and 6c). (c) Critical sequence
from ars3002 region 10 (nucleotides 495–519; Figs 1 and 6d). (d)
Critical sequence from segment 1 of ars1 (nucleotides 376–399,
bottom strand [22]). The vertical lines indicate sequence identity. ‘W’
in the consensus sequence stands for A or T.
AATAAATCATATAAAA
TTAATTAAAAAAAAAAAAAAAAAAA
AAATTACAAAAAATACAAATTAAA
(a)
(b)
(c)
(d)
AAWAAWAWAAWW
AAWAAWAWAAWW
(e)
For construction of ARS doublets, appropriate primers (see previous
paragraph) were used to amplify regions 5–11 or 7–11. After digestion
with the appropriate restriction enzymes, the PCR products were
cloned as monomers between the BamHI and EcoRI sites of
pura4script. Doublets were then created by digesting the appropriate
PCR products with EcoRI alone and cloning them into the unique
EcoRI sites in the monomer plasmids.
For construction of 52 bp A+T-rich and G+C-rich substitutions,
an A+T-rich oligonucleotide (GGAATTCCCCAGCAATTATTGATT-
TATAAGATTTTAGTACTTGAAGATCTTC) and a G+C-rich oligonu-
cleotide (GGAATTCCCACCCTACTGGAGCAGACAGGGCAGCTG-
TCTGGGGAAGATCTTC) were designed with computer assistance
(randomized sequence except for near-terminal EcoRI and BglII sites).
After conversion to double-stranded DNA by primer extension, the
oligonucleotides were digested with EcoRI and BglII and cloned
between the EcoRI and BamHI sites of the appropriate 55 bp deletion
plasmid (see above).
To generate 10 bp linker substitutions, primers with linkers containing
AvaI restriction sites (CCCCCGGGGG) at their 5′ ends were
designed to permit amplification, in combination with external primers,
of the sequences to the left and to the right of the intended substitu-
tions. Locations of the substitutions are shown in Figure 6. The lengths
of stretches complementary to ars3002 varied from 16 to 35
nucleotides, depending on requirements for specificity. The same two-
step PCR and cloning strategy was employed as for construction of
the ~55 bp deletions.
Transformation of S. pombe cells
S. pombe D18 [30] cells lacking the ura4 gene were transformed [32]
with equal amounts of DNA from the resulting mutant clones (or from
p3002PCR or pura4script as positive and negative controls) and then
grown under selection for uracil prototrophy. After 7–10 days, colonies
were counted using an image processing program that permitted
objective discrimination between the larger colonies (indicative of ARS
function) and the smaller background colonies produced by vector
alone. For all experiments, the transformation frequency achieved with
plasmid p3002PCR was > 10 000 colonies per µg DNA.
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